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Introduction
One of the basic requirements to obtain highly efficient chalcopyrite solar cells is a buffer layer between the absorber and the sputtered ZnO window. 1 For one, the buffer is necessary to prevent shunts between front and back contact, but mainly to provide a good structural and electronic contact between absorber and window material. Hence, the interface should exhibit minimum recombination and current loss and allow for maximum open circuit voltage. 2, 3 A good structural contact is achieved by using lattice-matched materials and can be further improved by interdiffusion during contact formation. This also results in a good electronic contact since only few structural defect states are present. In addition, the respective positions of electronic bands of the two materials should allow lossless electronic transport and simultaneously not decrease the open circuit voltage. These band offsets are in turn influenced by interface defects and interface dipoles. The detailed progression of valence and conduction band edges is also influenced by interfacial intermixing. 4 As a model to describe the low interface recombination for chalcopyrite solar cells with CdS buffer, the concept of a buried homojunction inside the absorber has been discussed. 5, 6 Here, the Fermi level position is shifted from the valence band (p-type) for the bulk of the absorber towards the conduction band at the interface (n-type). This could be achieved either during the absorber growth process, with Cu-poor conditions during final growth sequence, or induced by contact formation with the buffer. In this case, the buffer material should facilitate the type inversion in the absorber near the interface region and thereby shift the charge neutrality region away from the interface into the absorber.
Apparently, the type inversion is associated with a copper-depletion forming a n-type CuInSe 2 layer close to the interface region. For one, surfaces of efficient absorbers are itself copperdepleted with respect to the bulk material. However, recent experiments on polycrystalline and epitaxial chalcopyrite have shown that the intrinsic copper depletion of the surface is restricted to the top few atomic layers and can be understood as a surface reconstruction. 7, 8 In addition, copper-depletion in CuInSe 2 is caused by a self-compensation mechanism induced by n-type doping. For the chemical bath deposited (CBD) CdS buffer, doping of the chalcopyrite by Cd Cu defects was observed. 9, 10 The concomitant Fermi level shift leads to spontaneous formation of V Cu defects, which compensate for the increased electron density.
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This mechanism creates interstitial Cu i defects, which show a high mobility due to diffusion in CuInSe 2 .
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Although the CBD-CdS is still the benchmark for high-efficiency cells, Cd-free alternatives that are deposited in a dry vacuum process are being sought, as a complete in line vacuum process without wet-chemical treatments may be achieved 15 . Frequently investigated are ZnO-based semiconductors, which offer the possibility to combine the functionality of a buffer layer and the i-ZnO layer in one film. 13 Sputtered (Zn,Mg)O layers and ALD-deposited Zn(O,S) yielded efficiencies comparable to the CdS reference. 14 31 In our recent publications, we suggested ZnO deposited by MOMBE (metal-organic molecular beam epitaxy) as a suitable buffer layer material, since it forms an intrinsic ZnSe/ZnS layer in the contact plane between CuInSe 2 /CuInS 2 absorbers and ZnO with a favorable band alignment for photovoltaic applications. 15 , 16 Here, we will further analyze the composition during deposition of MOMBE-ZnO and MBE-ZnSe on CuInSe 2 by photoelectron spectroscopy (PES). The focus will be on the formation of copper-poor phases in the chalcopyrite absorber. Implications on the resulting band alignment at the interface are discussed.
Experiment
CuInSe 2 samples were grown by MBE (molecular beam epitaxy) on GaAs(111)A substrates, which were wet-chemically etched prior to insertion into the UHV (ultra-high vacuum) To ensure contamination free sample surfaces, all preparation and analysis were carried out in our integrated UHV system with a base pressure in the 10 -10 mbar range. The single crystalline structure and surface order were confirmed by LEED (low-energy electron diffraction). For sample characterization, depth profiles and band alignment measurements we used photoelectron spectroscopy with MgKα, mono-AlKα and HeI radiation and a SpecsPhoibos 150 electron analyzer equipped with a delay line detector.
Cu/In ratios were obtained by fitting the appropriate lines (see Fig 1) and the relation indicating the chalcopyrite surface order (see Fig. 1 ). For copper-poor samples, the chalcopyrite surface order is absent, indicating short-range order of the cation sublattice.
For the band alignment and interface formation experiment, the ZnO/ZnSe films were deposited stepwise onto the CuInSe 2 (112) substrate and the samples were subsequently characterized after each deposition cycle. Gelöscht: .
Results

ZnO buffer layer by MOMBE
Gelöscht:
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The core level photoemission lines in the course of ZnO deposition by MOMBE are shown in Fig. 2 . It is apparent that Zn is present from the first deposition step on, while no oxygen is observed for the first two growth cycles. Like we reported earlier for the CuInSe 2 (112) surface, this behavior can be understood in terms of an ultra-thin ZnSe buffer formed at the chalcopyrite surface by reaction of DEZ with the substrate chalcogenide. 16 This is indicated by the absence of the oxygen emission peak and the evolution of the Zn Auger parameter α Zn .
Here, the binding energy of the Zn 2p 3 In order to obtain the Fermi level position in the band gap after exposure of CuInSe 2 to DEZ, we add the position of the VBM for the bare substrate to the band bending induced by Zn Hence, the formation of an ODC near the interface could not be as clearly identified as for the case of MOMBE-ZnO deposition.
Concentration depth profile
In order to further analyze the copper depletion induced by the DEZ, compositional depth profiles have been recorded with angle-resolved XPS (x-ray PES). By variation of the detection angle θ relative to the surface normal, the surface sensitivity of XPS is increased according to λ(θ) = λ 0 cos θ. The Cu/In ratio profile for the bare absorber in Fig. 4 shows a strong angular dependence. Since the observed reduction of Cu/In occurs within an effective change in information depth from 1.5 -0.5 nm, this behavior was explained as a copper-poor surface reconstruction of the CuInSe 2 (112) surface. 8 , 20 Here, the top atomic layer of the cation-terminated surface is entirely depleted of Cu, which is equal to the formation of 2V Cu per surface unit cell. Annealing experiments reported earlier show that there is partial diffusion of In into the ZnO window. 23 With the knowledge about interdiffusion and the different phases present at the CuInSe 2 -ZnO interface, the complete band diagram can be constructed. Here, we use values for the individual interfaces as determined from PES according to our previous publications. 16 , 24 , 25 Special care was taken to analyze the VBM of epitaxial CuInSe 2 correctly by considering the experimental valence band structure. 26 The valence band offset between stoichiometric CuInSe 2 and the ODC was determined in a separate experiment by direct growth of Cu-poor material on a CuInSe 2 (112) substrate. By application of the transitivity rule, we obtain valence band discontinuities ΔE V of 0.78 eV and 2.23 eV for CuInSe 2 /ZnSe and CuInSe 2 /ZnO interface, respectively. These results also agree nicely with theoretical values for the respective interfaces. 27 , 28 However, it should be noted that, due to the intermixing at elevated temperatures, the interfaces are not atomically sharp. From the band diagram in Fig. 6 , it is obvious that the conduction band lineup is favorable for electronic transport from the absorber to the ZnO window if the ZnSe layer remains thin enough for electrons to tunnel through.
Apparently, the choice of buffer layer material and deposition process severely influences the composition and diffusion properties of the interface. Hereby, one can either promote or hinder copper depletion of the interface region. There are indications that copper accumulation, like it was observed for sputtered (Zn,Mg)O buffer layers reduces cell performance. 29 Most of the models describing highly efficient cells work with a buried p-n- Therefore, it would be insightful to study different deposition methods or the influence of the process temperature on copper-depletion to optimize the interface properties.
We have shown that a clear copper-depletion of the interface can be evoked by exposure of near-stoichiometric CuInSe 2 surfaces to DEZ at elevated temperatures. Therefore, interface properties can be adjusted deliberately by choice not only by the type of buffer material but also by the process type and processing parameters. 6 Resulting band diagram for the CuInSe 2 /ZnO interface. Valence band discontinuities were taken from our previous publications. 16 , 24 , 25 Conduction band offsets
